INTRODUCTION
The results of several epidemiologic studies in the U.S.A. (Thun et al., 1985) , Sweden (Elinder et al., 1985) and the U.K. have shown a significant excess of lung cancer in workers exposed to cadmium and its inorganic compounds, but only the study of Stayner et al. (1992) shows clear evidence of a dose-response relationship. Moreover, in some groups heavily exposed in the past to cadmium at indoor airborne levels of about 1 mg m~3, only marginal or no excess of lung cancer were observed, despite marked nephrotoxicity.
Long-term carcinogenesis studies following inhalation exposure to different cadmium inorganic compounds in different laboratory rodents showed some conflicting results according to animal species. All the experiments carried out in rats demonstrated an excess of lung cancer for cadmium oxide dust, cadmium sulphide, cadmium chloride and cadmium sulfate (Glaser et al., 1990) , but two experiments using cadmium oxide fumes were negative. A significant excess of lung tumours was observed in mice exposed to cadmium oxide fumes and cadmium oxide dust, but not in those exposed to cadmium sulphide (Heinrich, 1992) . By contrast, all experiments following inhalation exposure in hamsters failed to demonstrate any increased occurence of lung cancer (Heinrich et al., 1989) , whatever the cadmium compound.
The aim of the experiment reported here was to show whether cadmium chloride (CdCl 2 ) acted, either as a complete lung carcinogen when inhaled alone during a short exposure period at dose levels similar to that encountered in industry in a recent past, or as a lung co-carcinogen in rats previously exposed to fission neutrons, irradiation acting then as an initiator, or as a lung co-carcinogen in rats exposed to cadmium chloride and treated after the end of inhalation by intramuscular injections of 5-6 benzoflavone (PNF) which has been previously demonstrated to be a specific promotor of experimentally induced squamous cell lung cancers in Sprague-Dawley rats (Morin et al., 1978) .
MATERIALS AND METHODS
The long-term inhalation carcinogenesis study was carried out on four experimental groups of SPF (OFA) Sprague-Dawley male rats: Exposure to fission neutrons and inhaled cadmium chloride 625
• Group 1: 63 rats exposed to 0.6 Gy fission neutrons. In our series, this dose has been shown to result in a 10% incidence of lung cancers and a 3% incidence of kidney cancers (Morin and Lafuma, 1990 ). • Group 2: 50 rats exposed to 0.6 Gy fission neutrons and 2 months later to CdC12 by inhalation for 1 month. • Group 3: 50 rats exposed to CdCl 2 alone by inhalation for 1 month.
• Group 4: 25 rats exposed to CdCl 2 by inhalation for 1 month and treated 1 month after the end of exposure with six intramuscular injections of p*NF.
Irradiation
The rats were exposed to fission neutrons in the "Silene" experimental reactor facilities according to the pulse operating mode with a 10 cm lead shielding. The rats were placed into individual aluminium containers suspended on a net 4 m distant from the core of the reactor. The number of fissions was: 4.82 10
16
. The peak power was: 9.68 10 16 fissions s" 1 . The dose was: 0.62 Gy neutrons and 0.118 Gy gamma rays.
Cadmium chloride inhalation
The exposure of rats to CdCl 2 aerosol was performed by whole body inhalation exposure in a 2 m 3 dynamic type Hazleton inhalation chamber. The rats were housed continuously in individual wire cages in the chambers throughout the inhalation exposure period, provided tap water ad libitum and fed outside of exposure hours and maintained on a 12 h light cycle.
The aerosolization of the CdCl 2 solution (3 g.l." 1 ) was achieved by a De Vilbiss 99 ultrasonic nebulizer. The rats were exposed 5 days a week, 6 h a day for 4 weeks at a nominal Cd concentration exposure of 700 ug.m" 3 . The Cd airborne concentration into the chamber was controlled by air sampling of aliquots of 50 air 1. each on HAWP Millipore filters, 0.2 um pore size. The Cd concentration was performed by furnace atomic absorption spectrometry, using a Perkin-Elmer 1100 B AA Spectrometer. The mean Cd concentration measured into the inhalation chambers during the 4 weeks of exposure was 685 ± 257 ug.m~3.
Injection of the promotor ($NF)
In the group treated with PNF, 1 month after the end of the CdCl 2 inhalation exposure, the rats received six intramuscular injections of (3NF 25 mg.kg" 1 at fortnightly intervals. In this group all the rats were killed within 100 days after the last injection of (3NF.
Animal and histologic analysis
The experiments were carried out on 10-week-old male SPF non-inbred OFA Sprague-Dawley rats. After their arrival in the laboratory, the animals were kept in quarantine for 1 week before any treatment. The rats were exposed as mentioned above. After exposure, all the rats were housed throughout their life-span in the same animal house, maintained on a 12 h light cycle. Animals were allowed to live until they died or were moribund. A full necropsy was performed in every animal. Liver, spleen, kidney, lungs and brain and all other organs with macroscopic suspicious lesions were taken systematically. Histologic samples were fixed with Bouin-Hollande fixative solution. The lungs were fixed whole by intratracheal instillation of the fixative solution. Tissue samples were prepared in the form of 5 H, m thick paraffin sections stained with haematoxylin-eosin-saffron for histopathogical examination. Tumour incidence and survival time were compared with those observed in a group of 785 untreated control rats, housed simultaneously in the same animal house and with those observed in three historical groups of rats exposed to fission neutrons in the Silene reactor (Morin and Lafuma, 1990) .
RESULTS
The cancers observed in the different experimental groups were differentiated into carcinomas and sarcomas. The proportion of cancers in the different organs of untreated control rats and in the three historical groups of male rats exposed to fission neutrons at different doses in the Silene reactor is indicated in Table 1 . In control male rats, the proportion of lung carcinomas and kidney carcinomas was very low (0.64%).
An increase of the global incidence of cancers, including both carcinomas and sarcomas, was observed in all the groups exposed to fission neutrons, but this increase was higher in the group exposed to fission neutrons at 1.15 Gy than in the other groups. In this group, the incidence of lung carcinomas was multiplied by a Exposure to fission neutrons and inhaled cadmium chloride 
factor of about 40 and the incidence of kidney carcinomas by a factor of about 20 as compared with controls. The incidence of cancers in the organs of rats exposed to CdCl 2 under different experimental conditions is indicated in Table 2 . In group 1, in which rats were exposed to fission neutrons (0.6 Gy), 30 malignant tumours (13 carcinomas and 17 sarcomas) were observed in 63 rats: four lung carcinomas (two bronchogenic adenocarcinomas and two bronchioloalveolar carcinomas), two digestive adenocarcinomas, one liver cystic cholangiocarcinoma, two pancreatic adenocarcinomas, one mammary carcinoma, two renal adenocarcinomas, one adrenal carcinoma and four malignant schwannomas, two lymphosarcomas, one spleen sarcoma, two lung angiosarcomas, seven soft tissue sarcomas and one deep tissue sarcoma (renal liposarcoma). In group 2, 28 malignant tumours (11 carcinomas and 17 sarcomas) were observed in 50 rats exposed to fission neutrons (0.6 Gy) and then to CdCl 2 : five lung carcinomas (one squamous cell carcinoma, two bronchogenic adenocarcinoma, one bronchioloalveolar adenocarcinoma and one bronchioloalveolar carcinoma), two salivary glands carcinomas, one kidney adenocarcinoma, one pituitary carcinoma, two thyroid papillary carcinomas and one schwannoma, two meningiomas, one lymphosarcoma, two lung angiosarcomas, seven soft tissue sarcomas and three deep tissue sarcomas (two leiomyosarcomas and one liposarcoma) and one pleural mesothelioma. A slight non-significant increase of the global incidence of cancers was observed in group 2 (56%) as compared with group 1 (47.9%), which was mainly related to an increased incidence of sarcomas. For carcinomas, a slight non-significant increased incidence of lung carcinomas was observed in this group (10%) compared with group 1 (6.4%). In group 3 exposed to CdCl 2 alone, only one lung carcinoma, a squamous cell carcinoma was observed, but no sarcomas. In group 4, exposed to CdCl 2 by inhalation and treated thereafter by |3NF, any lung carcinoma occured, but non-neoplastic proliferative lesions, one premetaplasia and two adenomatoses were observed in three rats.
Survival times in the different groups were compared: no significant survival time shortening was observed for the group exposed to CdCl 2 alone by inhalation compared with untreated controls, or in the group exposed to CdCl 2 after previous irradiation by fission neutrons compared with the different groups exposed to fission neutrons at different doses (Fisher's exact test).
DISCUSSION
Under the experimental conditions used, these results did not show a clear carcinogenic or co-carcinogenic effect of inhaled CdCl 2 . They are not consistent with those reported by Takenaka et al. (1983) which showed a carcinogenic effect of inhaled CdCl 2 in rats, with a distinct dose-effect relationship. Takenaka and co-workers exposed rats by inhalation at low concentrations (from 12.5 to 50 ug.rn"
3 ) 23 h a day, 7 days a week for 18 months, whereas in our experiment, rats were exposed at higher concentrations (685 |ig.m~3), but in a discontinuous manner and during a short period, more similar to the conditions of exposure encountered in industry in the recent past. The differences observed between these studies might be explained by a higher Cd retention in the lungs of rats exposed continuously than in the rats exposed at higher concentrations under discontinuous exposure. In the experiment of Takenaka et al. (1983) , the first lung carcinomas were noticed 23 months after the beginning of exposure. These findings suggest that cadmium induced carcinogenicity could be restricted to aged rats. To confirm this assumption, an additional group of 25,10 month old rats was exposed to CdCl 2 by inhalation in the same conditions and treated by (3NF as group 4. No lung carcinomas were observed in this additional group. These results did not show clear synergistic co-carcinogenic effect of CdCl 2 and |3NF for the induction of lung cancer. At least, they indicated that CdCl 2 does not act as an initiator which could be revealed by |3NF. In group 2 exposed to fission neutrons 0.6 Gy and then to CdCl 2 by inhalation, the global incidence of cancers and especially carcinomas, was not significantly increased compared with controls. A slight non-significant increased incidence of lung carcinomas was observed in this group compared with rats exposed to fission neutrons at the same dose, but not of renal carcinomas. It has been shown that global irradiation by fission neutrons induced a less effective initiation of pulmonary tissues than local pulmonary irradiation by inhalation of radon and its daughters (Morin and Lafuma, 1990) . In this "radon model", the strongest co-carcinogenic effect was shown by combined exposure first to radon and then to tobacco smoke which resulted in a four-fold increased incidence of lung carcinomas, mainly of the squamous cell type (Monchaux et al., 1996) . Using this model, it has been demonstrated that it was possible to establish the potential co-carcinogenic action, showing either multiplicative, additive or no effect of various industrial or environmental airborne pollutants. In the experiments reported here and under the experimental conditions used, these results did not demonstrate a clear synergistic effect of inhaled CdCl 2 after irradiation by fission neutrons.
